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In the preservation of tissues in as ‘close to life’ state as possible, rapid freeze ﬁxation has many beneﬁts
over conventional chemical ﬁxation. One technique by which rapid freeze-ﬁxation can be achieved, high
pressure freezing (HPF), has been shown to enable ice crystal artefact-free freezing and tissue preser-
vation to greater depths (more than 40 mm) than other quick-freezing methods. Despite increasingly
becoming routine in electron microscopy, the use of HPF for the ﬁxation of inner ear tissue has been
limited. Assessment of the quality of preservation showed routine HPF techniques were suitable for
preparation of inner ear tissues in a variety of species. Good preservation throughout the depth of
sensory epithelia was achievable. Comparison to chemically ﬁxed tissue indicated that fresh frozen
preparations exhibited overall superior structural preservation of cells. However, HPF ﬁxation caused
characteristic artefacts in stereocilia that suggested poor quality freezing of the actin bundles. The hybrid
technique of pre-ﬁxation and high pressure freezing was shown to produce cellular preservation
throughout the tissue, similar to that seen in HPF alone. Pre-ﬁxation HPF produced consistent high
quality preservation of stereociliary actin bundles. Optimising the preparation of samples with minimal
artefact formation allows analysis of the links between ultrastructure and function in inner ear tissues.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Preservation of biological structure in a state as ‘close to life’ as
possible is best achieved by ﬁxation of all components of the
sample at the same time. From this perspective, the use of chemical
ﬁxatives is not desirable due to the time taken to diffuse ﬁxatives
through the sample and the speciﬁcity of the chemical crosslinks
formed (Gilkey and Staehelin, 1986). As an alternative to such
methods, rapid freeze ﬁxation protocols have been developed and
are routinely used in electron microscopy. In rapid freeze ﬁxation,
samples are cooled at a rate sufﬁcient for water to be frozen in a
vitreous state, without the formation of ice crystals (“vitriﬁcation”).
Fixation occurs in milliseconds, structures are preserved hydrated,
and in as close to their native state as possible. Use of rapid freezingeeze Substitution; IHC, Inner
ging, King's College London,
r B.V. This is an open access articlecan avoid the common perturbations to structure caused by
chemical ﬁxatives. These can include effects on tissue structure
caused by shrinkage or swelling of tissue, shrinkage of cellular or-
ganelles and extraction or redistribution of cellular constituents
such as lipids, proteins and DNA. In addition most chemical ﬁxa-
tives react with proteins and crosslink peptide chains as part of
their ﬁxative action. These reactions can be highly deleterious to
epitopes and therefore compromise immunohistochemical studies.
Rapid freezing can produce superior preservation of epitopes and
prevent artiﬁcial aggregations of proteins and ﬁxation and pro-
cessing without the use of crosslinking ﬁxatives can produce
samples with higher antigenicity (Kellenberger, 1991; Hayat, 2000;
Claeys et al., 2004). The importance of close to life preservation
withminimal artefact formation has also increased with the advent
of techniques such as electron tomography, which allow visual-
isation of three-dimensional structures at themacromolecular level
(Gilkey and Staehelin, 1986; Studer et al., 2001, 2008; Lucic et al.,
2013).
There are a variety of methods in use for rapid freeze ﬁxation of
tissues, however the depth of vitriﬁcation that can be achieved by
most methods is very limited. Methods that involve plunging theunder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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immersion freezing) are generally limited to a few microns of
vitriﬁed sample. Penetration can be improved by methods such as
cold metal block freezing (‘slam freezing’) or freezing by spraying
the sample with liquid cryogen (jet freezing) but are still likely to
only reach depths of a few tens of micrometres (Gilkey and
Staehelin, 1986; Kachar et al., 2000). Slam freezing or immersion
freezing combined with freeze fracture and deep etching have been
used to produce high quality structural details of hair cells and hair
bundles. For examples, details of actin arrangement in stereocilia
and cuticular plate, lateral cisternae, lateral links and tip links have
been examined using these methods (Hirokawa and Tilney, 1982;
Forge et al., 1991; Kachar et al., 2000). However, the depth of
good freezing in these methods is severely limited and using
freeze-fracture it is difﬁcult consistently to expose regions of in-
terest and only small areas of these regions may be revealed.
Freezing larger volumes of tissue requires high pressures to be
exerted on the sample, in combination with cryogenic tempera-
tures. High pressure freezing (HPF) can extend the depth of vitri-
ﬁcation of the sample to 200 mm (Studer et al., 1995, 2008). At
sufﬁciently high pressures (210 MPa) the cooling rate required for
the vitriﬁcation of water is reduced from several 100,000 K/s to a
few 1000 K/s making vitriﬁcation of relatively thick samples prac-
ticable (Studer et al., 2008). Good heat conduction through the
sample and between the sample and the carrier upon which it is
mounted is vital for effective freezing. Air ﬁlled spaces between the
tissue and the sample holder used for freezing can reduce the
freezing efﬁciency by acting as insulators. Furthermore, air ﬁlled
spaces are likely to collapse when high pressures are applied,
deforming the tissue. To solve these problems, sample holders are
often loaded with cryoprotectant ﬁllers. A ﬁller can act both as a
cryoprotectant to improve freezing, and protect the sample against
pressure induced shearing (Galway et al., 1995). Fillers are often
substances that cannot penetrate the tissue and have low osmotic
activity, for example solutions of dextran or the inert solvent 1-
hexadecene. Alternatively cryoprotectants that penetrate the tis-
sue, for example glycerol, can be used. The use of penetrating
cryoprotectants can be undesirable, as their penetration into the
tissue can lead to structural changes. However, in some cases this
penetration seems to have no effect, probably due to diffusion
barriers preventing entry to the tissue during the short exposure to
the cryoprotectant (Dahl and Staehelin, 1989; McDonald, 2007;
Studer et al., 2008).
After freezing, samples can be handled in a variety of ways and
examined either at cryogenic temperatures or at room temperature
after additional processing. Freeze substitution (FS) is a common
technique for the low temperature dehydration of samples, before
embedding in resin and examination at room temperature. Water
in the samples is replaced by a solvent (usually acetone) at a tem-
perature around 90 C. This temperature is lower than the lowest
temperature at which secondary ice crystals have been shown to
form in biological samples (70 C) (Steinbrecht, 1985). Fixatives
and heavy metal, electron dense stains such as osmium tetroxide
and uranyl acetate are usually added to the sample to stabilise the
frozen structure and improve image contrast. Because chemical
ﬁxation occurs when the sample is already frozen, there is no liquid
water present and osmotic effects should not occur (Studer et al.,
1992). Fixation by osmium tetroxide likely begins at about 70 C
(White et al., 1976). Once dehydration and inﬁltration of ﬁxatives
have occurred, the sample is slowly warmed to a suitable temper-
ature for resin embedding.
Although HPF/FS protocols eliminate many of the artefacts
associated with conventional ﬁxation and embedding, the process
of rapid freezing and substitution can itself cause artefactual
changes to the tissue. Freezing artefacts, such as the growth of smallice crystals within the tissue due to insufﬁciently rapid freezing or
subsequent warming are a common problem. Ice crystals formed
during freezing cause dehydration in the surrounding cytoplasm,
and solutes are concentrated as water is recruited to the growing
ice crystal. After FS these effects are observed as characteristic holes
in the sample (from the ice crystal branches) and aggregates of
solute in the surrounding cytoplasm. In severe cases these changes
in solute concentration can lead to the rupture of membranes
(Galway et al., 1995; Dubochet, 2007). Where growth of small ice
crystals has occurred a reticulated pattern is also often visible in the
sample (Gilkey and Staehelin,1986). Complex structures containing
multiple different cell types such as the organ of Corti can prove
difﬁcult to vitrify uniformly due to differing freezing characteristics
throughout the tissue. Often, the protocol used for HPF must be
tailored speciﬁcally to the tissue in question (Koster and
Klumperman, 2003).
Despite the potential advantages of freeze ﬁxation for ultra-
structural studies, there has been limited use of HPF methods for
the examination of inner ear tissues. Work by Triffo et al. (2008)
showed that a combination of microaspiration and HPF could be
used to preserve isolated strips of guinea pig outer hair cells (OHCs)
and work by Meyer et al. showed that good preservation of
mammalian inner hair cells (IHCs) and particularly synaptic pe-
ripheral processes and morphology could be achieved by HPF but
that consistent preservation across the organ of Corti was difﬁcult
(Meyer et al., 2009). The aim of this work was to evaluate the
preservation of cells and structures in the organ of Corti and
vestibular tissue of mammals and amphibians dissected and pre-
served by HPF and FS and to compare preservation to that achieved
by conventional ﬁxation methods. The use of hybrid methods of
preservation was also examined.
2. Material and methods
Animals: Inner ear tissues were obtained from adult gerbils,
adult tri-colour guinea pigs, C57/Bl6 mice at around P30, and from
the red-spotted newt Notophthalmus viridescens. Rat tissues were
obtained from postnatal or older rats as described in Dumont et al.
(2001). All work with animals was conducted in accordance with
procedures licenced by the British Home Ofﬁce and approved by
UCL Animal Ethics committee or in accordance with the National
Institutes of Health (NIH) guidelines for animal care and use under
protocol NIH 1215-11.
2.1. Experimental methods
High Pressure Freezing: For fresh frozen samples from gerbil
and guinea pig, the auditory bullae were removed and held on ice.
Cochlear and vestibular tissues were dissected from the bullae just
prior to freezing. The time between sacriﬁce and freezing was
approximately thirty minutes. Isolated mouse utricular maculae
were removed to glutamax minimum essential medium (Life
Technologies, UK) with HyClone serum (Thermo Fisher Scientiﬁc,
USA) and 10 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic
acid (HEPES) (pH 7.3) (SigmaeAldrich, USA) and maintained for
4e6 h prior to freezing. Otic capsules from the newtswere removed
from the animals into Amphibian Dulbecco's phosphate buffered
saline (Taylor and Forge, 2005) and the inner ear samples consisting
of the saccular maculae, amphibian papilla, and lagena macula
were isolated then transferred to culture medium (Taylor and
Forge, 2005) for maintenance at room temperature for
30e90 min prior to freezing.
For ﬁxed tissue, auditory bullae were isolated and opened to
expose the cochleae. Fixative was gently injected into the cochlea
and vestibular system via an opening made at the apex of the
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bone between the round and oval windows and removing the
stapes. The bulla was then immersed in ﬁxative and ﬁxation
continued for 1.5 h at room temperature. The ﬁxative was 2.5%
glutaraldehyde (Agar Scientiﬁc, UK) in 0.1 M cacodylate buffer pH
7.3 with 3 mM CaCl2. Individual cochlear turns were then
dissected under 0.1 M cacodylate buffer straight after the end of
the ﬁxation period and immediately prepared for high pressure
freezing.
For freezing, samples were loaded into 200 mm deep aluminium
planchettes, (Leica Microsystems, Germany). The planchette was
ﬁlled with a cryoprotectant/ﬁller and covered with the ﬂat (non-
depression) side of a second planchette pressed ﬁrmly down to
remove air and to minimise the total depth of the freezing sample
to 200 mm. Tissue frommice, gerbils and guinea pigs was frozen in a
Leica HPM 100 high pressure freezer (Leica Microsystems). Newt
tissue was frozen in either the Leica machine or a Bal-Tec HPM 010
high pressure freezer (BAL-TEC AG, Liechtenstein). Freezing rates in
both devices were greater than 25,000 K/s.
Several different cryoprotectants and ﬁllers were tested: 20%
Dextran (SigmaeAldrich) in 10mMHEPES-buffered (pH 7.3) Hank's
balanced salt solution (HBSS) (SigmaeAldrich) (HB-HBSS); 1-
hexadecene (SigmaeAldrich); 25% glycerol (SigmaeAldrich) in
0.1 M cacodylate buffer; or a yeast paste of commercial bakers yeast
(Allinson, UK) reconstituted in HB-HBSS (fresh tissue) or 0.1 M
cacodylate buffer (ﬁxed tissue). All cryoprotectants were intro-
duced to the tissue in the planchette at room temperature, directly
before freezing. Time between cryoprotectant introduction and
freezing was <3 min. After freezing samples were stored under
liquid nitrogen until freeze substitution (FS).
Slam Freezing: For contact or slam freezing we used two
different apparatuses. First, utricular maculae were isolated from
the auditory bullae of guinea pigs under HB-HBSS and immediately
transferred on to thin copper specimen supports. The sample was
brought rapidly into contact with (“slammed” against) the polished
surface of a copper block cooled by liquid nitrogen by a controlled
bounce-suppressed drop under gravity using a “Gentleman Jim”
device (Phillips and Boyne, 1984). The frozen sample attached to
the specimen support was stored under liquid nitrogen until FS.
During FS the sample separated from the support. Alternatively,
samples were slam frozen using Life Cell CF0100 quick-freezing
machine (Research and Manufacturing, USA) as previously
described (Dumont et al., 2001). Brieﬂy, rat organ of Corti was
dissected in L-15 medium (Sigma) and positioned gently onto a
400-nm-thick slice of Bacto-agar (Difco Laboratories, USA) and
mounted on an aluminium specimen holder. The sample was
slammed against the liquid nitrogen-cooled surface of a sapphire
block in the Life Cell quick-freezing machine and transferred to
liquid nitrogen before freeze-substitution.
Freeze Substitution: FS was carried out in a Leica AFS Device
(Leica Microsystems). Planchettes were opened under liquid ni-
trogen and then placed into processing baskets before being
transferred, under liquid nitrogen, into pre-cooled solutions. Solu-
tions were made up in acetone and temperature maintained
at 90 C during substitution. Samples were ﬁrst maintained in a
solution of 0.1% tannic acid and 0.5% glutaraldehyde in acetone for
24 h. This was followed by three one hour washes in acetone before
transfer to 0.1% Osmium tetroxide and 1% uranyl acetate in acetone
and maintenance at 90 C for 48 h. For pre-ﬁxed samples,
glutaraldehyde was omitted. Samples were then immersed in pure
acetone and the temperature was raised from 90 C to 20 C over
36 h, with acetone exchanges every 3e6 h. After substitution
samples were removed from planchettes under acetone and
embedded in the Epon resin (Agar100; Agar Scientiﬁc), following
the manufacturer's instructions.Samples slam frozen with the Life Cell machine were freeze
substituted in 1.5% uranyl acetate in methanol at 90 C, inﬁltrated
with Lowicryl HM-20 resin at 45 C, and polymerized with ul-
traviolet light as previously described (Dumont et al., 2001). The
exact methodology of ﬁxation and freeze substitution for each
ﬁgure panel can be found in the supplementary methods.
Conventional Fixation: Following removal from the otic
capsule, the inner ear tissues of the newt were ﬁxed in 2.5%
glutaraldehyde or 2% glutaraldehyde with 2% paraformaldehyde in
either 1 mM or 0.08 mM cacodylate buffer or in amphibian Dul-
becco's phosphate buffered saline for 2 h at room temperature
before post ﬁxation in 1% OsO4 in either 1 mM or 0.08 mM caco-
dylate buffer. Mouse inner ear tissues were dissected, ﬁxed in 2.5%
glutaraldehyde in 0.1 M cacodylate buffer pH 7.3 with 3 mM CaCl2
for 2 h at room temperature. After ﬁxation tissue was decalciﬁed by
incubating at 4 C for two days in a solution of 4% ethyl-
enediaminetetraacetic acid (EDTA) (SigmaeAldrich, UK) in 0.1 M
cacodylate buffer. Post-ﬁxation staining was carried out in 1%
aqueous OsO4. Samples were dehydrated in an ethanol series, en
bloc stained with a saturated solution of uranyl acetate in 70%
ethanol overnight at 4 C before completion of dehydration and
embedding in plastic.
Electron microscopy: 80 nm sections of embedded tissue were
cut using a diamond knife and collected on uncoated copper grids.
To help reduce image drift during examination of the sections at
high magniﬁcations (greater than 30,000), a thin carbon coat was
applied by evaporation to the grid on top of the sections. Carbon
coating was performed in a Balzers BAF 400D freeze fracture device
(Balzers AG, Liechtenstein).
Sections were examined in a JEOL JEM1200EX-II transmission
electron microscope (JEOL UK, Welwyn Garden City) operating at
80 kV and images collected with a Gatan Ultrascan 1000 digital
camera (Gatan, USA) or on a Zeiss 922 microscope operated at
160 kV and images collected with a Gatan Ultrascan 2000 digital
camera (Gatan). Digital images were adjusted for optimal contrast
and brightness, and image panels were assembled into ﬁgures us-
ing Adobe Photoshop CS6 (Adobe Systems Software Ltd, Ireland).
Measurements of freezing depth were obtained from images of the
sections using the measuring feature of the ImageJ programme
(Schneider et al., 2012).
3. Results
3.1. Cellular preservation
The preservation of inner ear tissue by HPF was assessed in a
number of ways, using the tissues of different species under
different freezing conditions. Speciﬁc animal models were chosen
based on methodological criteria and their utility in hearing
research. Mice are one of the most common animal models for
inner ear disorders. However, it is difﬁcult to dissect the unﬁxed
cochleae of adult mice so assessment of the non-preﬁxed organ of
Corti was made primarily with tissue from gerbils and guinea pigs
whose cochleae are easier to dissect, with some additional
assessment of rats. Utricular maculae can easily be isolated from
mice as well as guinea pigs and gerbils, allowing testing across
several mammalian species to ensure there were no species-
speciﬁc differences in preservation. In addition the newt species
N. viridescens was used to determine if HPF could overcome difﬁ-
culties encountered in obtaining good preservation of inner ear
tissues by conventional means. This newt model has been previ-
ously used by our laboratory (Taylor and Forge, 2005). In addition, a
variety of well-established non-penetrating cryoprotectants were
chosen to avoid potential artefactual changes caused by penetra-
tion of the cryo-protectant into the tissue. The quality of freezing
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tortions in the tissue, reticulation patterns in cytoplasm or nucleus,
or changes to the cytoplasm indicating local dehydration.
Cellular preservation in fresh frozen tissue from all of the tested
species was generally good, with limited freezing artefacts. Damage
was observed in some samples, mostly in the form of holes in the
tissue that may have been caused by ice crystals, and reticulation in
the nuclei of some cells. However, such artefacts were not wide-
spread in the tissue. Good preservation was shown through largeFig. 1. Preservation of mammalian inner ear tissue by HPF. A. Utricular macula from P30 m
through the entire depth of the sensory epitheliumwith no indications of ice-crystal growth
hair cells and supporting cells are unidentiﬁed, but appear to be membrane bound. B. S
cytoplasm shows an even electron density with no indication of granular “clumping” of con
preserved and show prominent irregular cristae. Other cell organelles are visible distributed
glutaraldehyde. Cells show typical artefacts from chemical ﬁxation and dehydration includin
Spaces around the cells (white arrow) were often observed. D. Hair cell from vestibular macu
granular uneven electron density of the nucleus can be observed. Some mitochondria (black
organ of Corti frozen in yeast paste. The ﬁbrillar nature of structure of the cuticular plate is e
extending into the cuticular plate. Inset shows a complete OHC, showing even cytoplasm a
sectioning and is not a freezing artefact. F. Cuticular plate from P30 mouse utricle frozen in d
with well-preserved ﬁbrils within the cuticular plate. Microtubules in the apical cytoplasm
guinea pig organ of Corti frozen in yeast cryoprotectant. Preservation of the ﬁne structure
electron density (black arrows) are indicated. H. Myelinated axon from adult guinea pig coch
The myelin layers are closely parallel with no indication of distortion due to ice crystal gr
lasmalamellar space of the axon. I and J: Vestibular synapse from adult gerbil utricle froz
Presynaptic density is indicated (white arrow) and synapses showed close membrane appo
1 mm, C: 2 mm, D: 1 mm, E: 0.5 mm (Inset 2 mm) F: 200 nm, G: 0.5 mm H: 200 nm, I: 50 nmdepths of tissue (Figs. 1a and 2d) and was achieved in samples from
mouse (Fig. 1a, b, f), newt (Fig. 2), gerbil (Fig. 1i and j), and guinea
pig (Fig. 1e, g, h) with some variation of the freezing conditions.
Dextranwas used as a cryoprotectant in the gerbil, newt andmouse
samples, but in guinea pig hexadecene (Fig. 1h) or yeast (Fig. 1e, g)
were used. In fresh frozen samples, signiﬁcant differences in
preservation between different cryoprotectants were not observed.
Excellent preservation of nuclei without reticulation was seen and
cytoplasm was generally smooth (Fig. 1a, b, eeg). In comparisonouse frozen in dextran cryoprotectant. There is good freezing and tissue preservation
in cytoplasm or nuclei in either hair cells (HC) or supporting cells (SC). White objects in
upporting cell in P30 mouse utricular macula frozen in dextran cryoprotectant. The
stituents. Likewise the nucleus shows even electron density. Mitochondria (M) are well
within the cytoplasm. C. Vestibular macula from adult mouse conventionally ﬁxed with
g cell shrinkage and granular cytoplasm when compared to rapidly frozen cells in (A).
la from adult mouse conventionally ﬁxed with glutaraldehyde. Granular cytoplasm and
arrow) showed uneven electron density. E. Cuticular plate of OHC from adult guinea pig
vident. Stereociliary rootlets are indicated (white arrows) and show ﬁbrillar structures
nd no evidence of ice crystal damage, throughout the cell. The hole (*) was caused by
extran cryoprotectant. White arrows indicate stereociliary rootlets that show crosslinks
underlying the cuticular plate are clearly resolved (black arrows). G. IHC from adult
of internal cell membranes (white arrow) and mitochondria showing cristae and even
lea frozen in hexadecene cryoprotectant. Myelin sheath (M) and cytoplasm of axon (A).
owth. Inset shows regularly arranged membranous structures observed in the extrap-
en in dextran cryoprotectant. Hair cell (HC) and synaptic terminal (T) are indicated.
sition between the terminal and hair cell and internal structure. Scale Bar: A: 2 mm, B:
, J: 20 nm.
Fig. 2. Comparison between HPF and conventional ﬁxation of adult newt sensory epithelia. AeB: conventional ﬁxation. CeD: High-pressure frozen in dextran cryoprotectant and
freeze-substituted. A. Saccular macula. Large extracellular spaces appear in conventionally ﬁxed tissue with shrunken supporting cells (black arrows). The nerve endings are
retracted. B. Hair cell in amphibian papilla surrounded by extracellular spaces that appear to result from shrinkage of supporting cells and retraction of nerve (white arrow). C.
Amphibian papilla after HPF/FS. The entire depth of the amphibian papilla is well frozen and the tectorial membrane is in place and shows no indication of shrinkage (black arrow).
D. Individual hair cell in amphibian papilla is well preserved and supporting cells closely appose the cell body of the hair cell (white arrow). Inset shows ribbon synapse from newt
hair cell, white arrow indicates preservation of structure tethering the ribbon to the synapse. Scale bars: A: 0.5 mm, B: 2 mm, C: 20 mm, D: 2 mm (Inset: 100 nm).
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HPF cells showed even, non-granulated cytoplasm and nuclear
contents without the ‘clumping’ and granularity that is often an
artefact of chemical ﬁxation (Caulﬁeld, 1957). There was no evi-
dence of cell deformation by shrinkage, cell membranes were
closely apposed and there were no spaces around cells (Fig. 1a, b
and Fig. 2c, d) unlike conventionally ﬁxed samples (Figs. 1c and
2a,b). At higher magniﬁcation, uneven electron density in
conventionally ﬁxed mitochondria was also observed, HPF ﬁxation
produced mitochondria with even density (Fig. 1b and d). Preser-
vation was good throughout cochlear hair cells (Fig. 1e inset).
Cuticular plate structure in both cochlear and vestibular hair cells
waswell preserved, and the ﬁne ﬁbrillar links between stereociliary
rootlets and the actin mesh were always observed. The vestibular
hair cell also showed excellent preservation of the microtubules
underlying the cuticular plate and the network did not appear
disturbed by ice crystal formation (Fig. 1e, f). Internal membranes
showed no evidence of swelling or distortion by ice crystals,
mitochondria and other organelles in both hair and supporting cells
were also extremely well preserved (Fig. 1b, g). There was also very
good preservation of myelinated axons, these exhibited parallel
protein layers in the myelin, without the shrinkage often seen after
chemical ﬁxation or distortion from ice crystal formation. Axons
preserved by this method often showed regularly arrangedmembranous structures in the extraplasmalamellar space (Fig. 1h).
Good preservation of IHC synapses has already been shown (Meyer
et al., 2009). Vestibular synapses were alsowell preserved, showing
close apposition of cell membranes with no shrinkage of the ter-
minal and evidence of internal structure of the synapse both in
gerbils (Fig. 1i and j) and in newt tissue (Fig. 2d (inset)).
3.2. Preservation of innervation in sensory epithelia from the newt
HPF ﬁxation of newt tissue showed that similar well-preserved
samples could also be achieved in non-mammalian species. The
value of rapid freezing by high pressure in comparison with con-
ventional ﬁxation for structural preservation was particularly
apparent in preparation of inner ear tissue from the newt. In
conventionally ﬁxed samples, large extracellular spaces were pre-
sent within the sensory epithelia (Fig. 2a). Hair cells appeared quite
well preserved but spaces developed around the bodies of the
supporting cells, which appeared shrunken, and neuronal elements
were largely absent; often only remnants of ruptured nerve endings
remained (Fig. 2b). Efforts to better preserve the tissue by altering
osmolality of the ﬁxative solution, the pH and nature of the buffer
in which the ﬁxative was diluted, the concentration of ﬁxative and
the nature of the ﬁxative (glutaraldehyde or glutaraldehyde-
paraformaldehyde) all failed to prevent the development of the
A. Bullen et al. / Hearing Research 315 (2014) 49e6054spaces and the loss of the neuronal elements (data not shown).
Hence although the relatively well-preserved hair cells showed the
presence of ribbon synapses in hair cells of the amphibian papilla,
post-synaptic specialisations were often difﬁcult to assess.
In contrast, in high pressure frozen samples that had not been
exposed to chemical ﬁxatives (fresh frozen tissue), inner ear
epithelia were compact and showed no evidence of enlarged
extracellular spaces or shrunken supporting cells (Fig. 2c). The
overlying extracellular matrices, such as the tectorial membrane of
the amphibian papilla showed no indications of the shrinkage and
displacement that is normally seen with conventional ﬁxation
(Fig. 2c arrow). The innervation and the synapses at the base of the
hair cells were also well preserved (Fig. 2d), as was the ﬁne detail of
structures at the synapse (Fig. 2d (inset)). The marked differences
between the two preparation protocols underlines the potential
importance of rapid ﬁxation in preserving the morphology of inner
ear tissues.
3.3. Stereocilia preservation: HPF-derived artefacts
While the preservation of cytoplasmic structures and organelles
in samples prepared using HPF was generally very good, that of
stereocilia was often poor. The actin core of the stereocilia had a
‘tangled’ appearance after freezing. The normally parallel actin
strands were distorted, giving the appearance of areas of high
electron density and the strands in the core of a stereocilium were
not parallel (Fig. 3a). Tangled stereociliary actin was observed in all
the samples tested, regardless of species (including the newt) or the
cryoprotectant used when freezing the tissue. Tangled actin was
often observed close to areas of good cellular preservation (Fig. 3b
and c). Despite the tangled actin, the stereociliary membranesFig. 3. Preservation of stereociliary actin by HPF. A. Stereocilia from P30 mouse utricle fr
surrounding stereociliary membranes are mostly smooth (black arrows) showing no ice c
Stereocilia and hair cell from P30 mouse utricle frozen in dextran cryoprotectant. Poorly pre
cell cytoplasm. C. Stereocilia from adult gerbil utricle frozen in dextran cryoprotectant. G
cytoplasm and well-preserved plasma membrane (white arrows) is seen in context with tan
power view of the same area. D. Stereocilia from P30 mouse utricle frozen in dextran cry
membrane (black arrow 2) are both present. Small areas of parallel actin were also observed
also preserved (black arrow). E. IHC in adult guinea pig cochlea frozen in yeast cryoprote
stereocilia, shown at higher power in insets, while the membrane is smooth (black arrows), t
0.5 mm (Inset: 2 mm), D: 100 nm (Inset 100 nm), E: 0.5 mm (Insets: 100 nm).appeared to be smooth in both longitudinal and transverse sec-
tions, showing no evidence of distortion due to ice crystal forma-
tion (Fig. 3a,c,d and e). However, even in samples wheremost of the
stereocilia showed this tangled actin, there were occasional ster-
eocilia containing parallel actin strands or regions of good actin
preservation in stereocilia with otherwise tangled actin (Fig. 3d).
Crosslinks between stereocilia were evident, even where the actin
ﬁlament bundles were distorted (Fig. 3a inset) and tip-links were
also present (Fig. 3d) both in regions where there were parallel
actin ﬁlaments and in thosewhere the ﬁlaments were tangled (data
not shown).
The abnormalities of the stereocilia could be due to the effects of
high pressure in HPF or the result of local variations of freezing
rates in the tissue. These variations would have to be very small to
account for the observation of poorly preserved stereocilia in
otherwise well preserved tissue. Such local variations in freezing
rates could also account for the observation of occasionally well-
preserved stereocilia in the samples and previous accounts of
well-preserved actin in rapidly frozen stereocilia (Hirokawa and
Tilney, 1982; Dumont et al., 2001; Rzadzinska et al., 2004).
To explore whether the tangled actin was the consequence of
the high pressures in HPF or an effect of freezing, unpreﬁxed
samples were prepared by an alternative freezing technique often
used to examine inner ear tissues, slam freezing. This method can
produce excellent preservation of the ﬁlamentous structure of
stereocilia (Fig. 4a (inset)). However the depth of good freezing is
limited, as seen in a cross-section of an OHC where the quality of
freezing can be seen to deteriorate dramatically across the width of
the cell, ice crystal damage being evident over at least half of the
cytoplasm (Fig. 4a). In a hair bundle from a guinea pig utricular
macula, used as an example since tangled actinwas seen in samplesozen in hexadecene cryoprotectant. Actin ﬁbrils are tangled (white arrows). But the
rystal induced distortions. Inset shows intact interstereocilial links (black arrows). B.
served stereocilia actin (black arrows) is shown in context with the well-preserved hair
ood cellular preservation, shown by the lack of reticulation in the nucleus, smooth
gled stereocilia actin and smooth stereocilia membrane (black arrows). Inset shows low
oprotectant. Tangled actin (black arrow 1) and tangled actin with smooth stereocilia
(white arrows). Inset shows mouse utricle stereocilia with parallel actin. The tip link is
ctant. Cuticular plate (white arrow) is well preserved showing ﬁbrillar details. In the
he internal actin structure is disrupted. Scale Bar: A: 0.2 mm (inset: 0.2 mm), B: 0.5 mm, C:
Fig. 4. Slam frozen preparations. Adult Rat Organ of Corti (A). Adult Guinea pig utricle (B,C). A. Rapid deterioration in the quality of freezing with distance from the freezing front in
an OHC in a sample slam frozen at liquid nitrogen temperature: approximately half the cell width is well frozen with even cytoplasm but abrupt change to “granular” appearing
cytoplasm and disruption of the lateral cisternae due to distortions resulting from ice-crystal growth. A (inset): Cross section of stereocilium in sample slam-frozen at liquid nitrogen
temperature shows the excellent preservation of actin bundle structure possible with this method. B. Parallel actin ﬁlaments are observed close to the freezing front (P) but
preservation of actin structure deteriorated moving away from the freezing front and actin ﬁlaments became tangled (T). C. Parallel actin ﬁlaments close to the freezing front in
longitudinal sections. Compression of stereocilia can also be observed. Scale Bars: A: 2 mm (inset 100 nm), B: 200 nm, C: 100 nm.
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it was found that the stereocilia closest to the freezing front
exhibited parallel ﬁlaments, and appeared well preserved, while
those further away showed tangled actin morphologically identical
to that observed in samples frozen by HPF (Fig. 4b). This indicates
that the disruption of the actin ﬁlaments is most likely a conse-
quence of local variations in freezing rates. The sample in Fig. 4a
was freeze substituted without tannic acid and osmium tetroxide,
but no signiﬁcant differences were observed between these sam-
ples and those substituted with tannic acid and osmium tetroxide
present (Fig. 4b and c).
In the slam-frozen samples, tangled actin was usually observed
within 1 mm of the freezing front. Gross freezing damage to the
whole sample, signiﬁcant enough to be observed at low power
magniﬁcations, occurred within 9 mmof the freezing front (data not
shown). Nevertheless, in those areas close to the freezing front
preservation of actin bundles in stereocilia was often extremely
good, showing parallel ﬁlaments as previously described. However,
in some samples compression artefacts resulting from the slam
freezing could be observed, such as pushing together of stereocilia
(Fig. 4c). Slam-frozen samples showed good preservation of the
stereociliary membrane, and an even spacing between the mem-
brane and actin bundle. High quality preservation of actin ﬁlament
bundles in stereocilia was therefore possible by rapid freeze ﬁxa-
tion, but consistent preservation throughout a sample could not be
achieved.
3.4. Stereocilia preservation: hybrid methods
While rapid freeze ﬁxation aims to eliminate chemical ﬁxatives
and potential consequent artefactual changes to the tissue, it has
been shown previously that pre-ﬁxation of tissue with aldehydes
before HPF can be beneﬁcial in preserving highly labile anddelicate structures (Meissner and Schwarz, 1990; Sosinsky et al.,
2005, 2008). Glutaraldehyde was chosen as a prior ﬁxative due
to its superior preservation of ﬁne ultrastructural detail and its use
in prior studies of pre-ﬁxation before freezing (Meissner and
Schwarz, 1990; Sosinsky et al., 2008). To test whether pre-
ﬁxation could improve the preservation of actin in stereocilia
during HPF; samples of guinea pig organ of Corti were ﬁxed in
glutaraldehyde and then high pressure frozen and freeze
substituted. Guinea pig organ of Corti was chosen as a test tissue
because of the relative ease of dissection. After ﬁxation, the
samples were assessed for the quality of cellular preservation and
the presence of artefacts resulting from the chemical ﬁxation.
Several cryo-protectants including hexadecene and the pene-
trating cryo-protectant glycerol were tested. As the tissue had
already been stabilised by ﬁxation it was considered that the ef-
fects of a penetrating cryoprotectant may be less deleterious and
that penetration of the tissue may offer additional cryoprotectant
beneﬁt. However, these cryoprotectants produced variable pres-
ervation. Consistent preservation of large tissue samples was
achieved using a yeast paste cryoprotectant (Fig. 5aec). Preser-
vation comparable to that of high pressure freezing alone was seen
both in hair cells and in supporting cells, which showed smooth,
non-granulated cytoplasm (Figs. 5a, d, f and 6aec) and well pre-
served nuclei (Fig. 5d). In the basal portion of IHCs, the synapse
and surrounding structures were particularly well preserved by
the use of the yeast-paste cryoprotectant (Fig. 5f). In samples
frozen in the presence of glycerol, large gaps between the IHC
membrane and the membrane of the neuronal terminal suggested
some shrinkage of the terminals (Fig. 5e). In contrast the terminals
of yeast-paste frozen samples did not show such gaps and
exhibited a close apposition between the pre- and post-synaptic
membrane along the length of the contact between the hair cell
membrane and the synaptic terminal. In both cases synapses
Fig. 5. Preservation of Adult Guinea Pig cochlea by pre-ﬁxation and HPF. A. Pre-ﬁxed HPF frozen organ of Corti frozen with yeast paste cryoprotectant. IHC cytoplasm (HC) and that
of surrounding cells was smooth and consistently preserved without granular appearance. Good freezing extended throughout the tissue and no freezing artefacts can be seen in
nuclei of cells underlying the basilar membrane (white arrow). Black arrows indicate defects in the resin caused by non-inﬁltration of the yeast cells, and are not defects in the
tissue. B. Pre-ﬁxed organ of Corti frozen with glycerol cryoprotectant. Unlike the cytoplasm of HPF ﬁxed and preﬁxed cells frozen in yeast paste, IHC cytoplasm (HC) and cytoplasm
of surrounding cells showed a distinct granular appearance. C. Pre-ﬁxed organ of Corti frozen with hexadecene cryoprotectant. Similar to the glycerol cryoprotectant the cytoplasm
of IHCs (HC) and surrounding cells had a granular appearance. D. Nucleus of an IHC preserved by pre-ﬁxation and HPF with yeast paste. Nucleus shows no obvious artefacts from
either freezing or chemical ﬁxation. Mitochondria with even density and well-deﬁned cristae (white arrows) and rough endoplasmic reticulum with no evidence of luminal
shrinkage or swelling (black arrows) are also shown. E. IHC synapse preserved by pre-ﬁxation and HPF with glycerol. Synapse (black arrow) and apposition of IHC (HC) and synaptic
terminal (T) membrane (white arrow) is shown. Both IHC and terminal cytoplasm show uneven density and the terminal membrane shows some shrinkage from the hair cell
membrane (white arrow 2). High magniﬁcation of synapse shows structure on the presynaptic membrane (white arrow) and within the synaptic gap (black arrow). F. IHC synapse
preserved by pre-ﬁxation and HPF with yeast paste. Apposition of IHC (HC) and synaptic terminal (T) membrane (black arrow) is closer than that observed in the sample preserved
with glycerol and showed no evidence of shrinkage and cytoplasm has even density. Synapse (white arrow in main panel and inset) showed close apposition of membranes and
some evidence of internal structure. Scale Bars: AeC: 2 mm, D: 1 mm, EeF: 0.5 mm (inset 100 nm).
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structure within the synapse.
In the apical portion hair cells ﬁne structures of the cuticular
plate, stereociliary rootlets, ﬁbrillar connections and microtubules
were well deﬁned, as were microtubules in the apical cytoplasm
(Fig. 6a). Microtubule bundles were also well preserved both in haircells and in supporting cells, including the presence of structures
between individual microtubules in the IHC (Fig. 6b and c).
The aim of the pre-ﬁxation technique was to improve the
preservation of the stereociliary actin bundle, which had proved
difﬁcult to preserve reliably by HPF alone. As with cellular preser-
vation, the preservation of stereociliary actin was assessed in
Fig. 6. Preservation of Adult Guinea Pig cochlea by pre-ﬁxation and HPF e Apical Structures. A. Cuticular plate and cytoplasm of an IHC frozen in the presence of yeast paste.
Stereocilia rootlets (closed head arrows) crosslinked to ﬁbrils in the body of the cuticular plate. Microtubules in the apical cytoplasm beneath the cuticular plate are well preserved
(open headed arrow). B. Microtubule bundles (arrows) from a yeast paste frozen IHC. Structure between the microtubules can be visualised. C. Deiters' cell phalangeal process (P)
frozen with hexadecane. The organisation of microtubule bundles (M) is well preserved as shown at higher magniﬁcation in the inset. D. IHC stereocilia frozen with yeast paste.
Parallel actin and a well-preserved cuticular plate (arrow) can be seen. Inset shows tip-link between stereocilia (arrow). E. Transverse stereocilia sections showing the pattern of
actin. Tilted sections show a pattern of parallel lines and a straight section (inset) shows a circular pattern. Frozen with yeast paste. F. Stereociliary actin showing actin crosslinking
(arrows). Frozen with yeast paste. Scale Bars: A: 0.5 mm, B: 200 nm C: 0.5 mm, D: 200 nm (inset 200 nm), E: 50 nm (inset 50 nm), F: 20 nm.
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dramatically improved the preservation of actin bundles in ster-
eocilia in all the samples, and made the preservation of actin
structure consistent. As with cellular preservation, yeast paste
produced the most consistent preservation of actin structure (data
not shown). Parallel actin, smooth stereociliary membranes and
good preservation of the cuticular plate without granularity could
all be observed (Fig. 6d). Tip links were also observed (inset panel in
Fig. 6d). Parallel actin was shown in both longitudinal and trans-
verse sections (Fig. 6def). In high magniﬁcation images of crosssections of stereocilia, the organisation of the actin ﬁlaments were
clearly deﬁned, similar to that seen in slam frozen samples (Fig. 4a),
and closely parallel (Fig. 6e). At high magniﬁcations, crosslinks
between actin ﬁlaments were resolved (Fig. 6f arrows).
4. Discussion
As the evolution of techniques and instrumentation enhance the
potential of electron microscopy, the preservation of tissue with
minimal artefact formation becomes ever more important. In
A. Bullen et al. / Hearing Research 315 (2014) 49e6058particular, use of electron tomography to determine three-
dimensional structures demands that the entirety of the tissue
under investigation is well preserved. As well as structural pres-
ervation, HPF techniques are also often used for the improved
preservation of antigenicity. As ﬁxation can be achieved without
the use of chemical ﬁxatives, the deleterious effects of chemical
crosslinking on protein structure and conﬁgurations are avoided.
Testing the effect of HPF on the antigenicity of inner ear tissues was
beyond the scope of this study, and may require further modiﬁca-
tions to the preservation procedure, for example removing the low
temperature osmication that occurs during FS. Previous work in
tissue, for example in Caenorhabditis elegans, has shown that lower
antibody concentrations and polyclonal antiserum that could not
be used in conventionally ﬁxed or HPF preserved osmicated tissue
could be used successfully in HPF preserved tissue freeze
substituted without osmication (Claeys et al., 2004). Although the
pre-ﬁxation HPF method discussed here may not be suitable for
immunogenicity studies, due to the use of glutaraldehyde, it is
possible that a similar method with an alternative pre-ﬁxative may
be used.
Cryo-preservation has become a routine technique in high-
resolution electron microscopy, and yet its use for preservation of
inner ear tissue has been limited, perhaps by the perceived tech-
nical challenges of preserving large and structurally complex tis-
sues such as the cochlea and vestibular organs. This work has
shown that routine HPF/FS techniques can be used for the preser-
vation of inner ear tissues, and demonstrated the advantages of a
modiﬁed ﬁxation technique for the preservation of stereocilia.
Routine HPF/FS protocols produced good preservation of inner
ear tissue, with relatively few freezing artefacts. Preservation of
cellular structures and organelles was good and our work com-
bined with that of Meyer et al. (2009) suggests that rapid freezing
can be utilised for the preservation of synaptic structures without
obvious morphological changes to the tissue such as swelling or
shrinkage of peripheral processes in mammalian and non-
mammalian tissue. Pre-ﬁxation HPF also produced excellent pres-
ervation of the synaptic structures and may be of great utility
where large stretches of consistent preservation across the organ of
Corti are required.
However, the preservation of stereociliary actin bundles proved
to be problematic. The ‘tangling’ of the actin ﬁlaments observed
suggested that the ﬁlaments and the cross-links between them
were being damaged or distorted by the freezing process. Damage
was shown in both HPF and slam-freezing preparations. Previous
reports of slam-freezing preparation of stereocilia have indicated
that only tissue 10e15 mm from the freezing front contained opti-
mally frozen material (Kachar et al., 2000), and this distance is
often shorter than the length of the stereocilia. In addition the
impact often deforms the bundles, changing the shape of stereocilia
and the arrangement of features such as interstereociliary links and
tip links. Also, exposing hair cells for slam freezing requires the
disruptive removal of overlying extracellular matrix (Kachar et al.,
1990). In contrast, HPF preparations produced large depths of
well-frozen tissue, often greater than 100 mm and did not require
the removal of extracellular components to expose hair cells. HPF
therefore, is a useful rapid freezing technique where cells need to
be examined in context with the cells around them, for example
hair cells and supporting cells, or where cells cannot be easily
isolated from the surrounding structures.
The occasional well preserved stereocilia in HPF and the
apparent gradient of preservation in slam freezing suggest that
stereocilia actin bundles exhibit unusual freezing properties, and
may be susceptible to small variations in the freezing rate during
the freezing process. The observed peculiarities seemed to be
conﬁned to the parallel actin ﬁlament bundles; where observed,the microtubules of the kinocilium in the same hair bundles
appeared unaffected (data not shown) and the cellular preserva-
tion, including that of the cuticular plate, in the same region was
very good. There are several factors that could account for these
properties: the structure of the stereociliary actin bundle itself; the
forces exerted on it during the freezing process; and the treatment
of the samples after freezing.
The actin bundle in a stereocilium is a paracrystalline array of F-
actin ﬁlaments, cross-linked by proteins, similar to the packed actin
ﬁlaments found in microvilli (Flock and Cheung, 1977; Derosier
et al., 1980). In an ordered structure such as the stereociliary actin
bundle distortions resulting from the growth of ice crystals may be
more obvious than were they to occur in a less strictly ordered
structure. Therefore the observed changes to actin structure may be
partly explained by disruptions to the tissue becoming more
apparent when the structure is highly ordered. It is also possible
that the ordered structure of the actin bundles in stereocilia may
affect the formation of ice crystals in the actin lattice. However,
there is little evidence that water in biological structures behaves
differently in terms of ice crystal formation compared to bulk water
(Dubochet, 2007). F-actin lattices have also been successfully high
pressure frozen in the past, both in isolated forms and within
microvilli (Resch et al., 2002; Ohta et al., 2012).
The high pressure exerted on the tissue is another possible
explanation for the disruption to stereociliary actin during HPF.
Previous studies on the effects of pressure in HPF freezing have
suggested, perhaps surprisingly, that few changes due to pressure
are observed in frozen samples (Dubochet, 2007), although it has
been suggested that chromatin and some phospholipidmembranes
may exhibit pressure related changes (Leforestier et al., 1996;
Semmler et al., 1998). The previous successful preparation of F-
actin bundles by HPF (Ohta et al., 2012) would argue against a
pressure related effect on actin structure. This argument is sup-
ported by the observation that the “tangle” artefact was also pre-
sent in samples “slam” frozen at ambient pressure.
After freezing, samples were freeze-substituted at 90 C in
acetone solutions containing stains and ﬁxatives. The potential for
re-crystallisation of ice in FS is still debated. The temperature at
which FS occurs is theoretically low enough to prevent the re-
crystallisation of ice in biological samples (Steinbrecht, 1985). It
has been suggested that cubic ice (an alternative form of crystalline
ice) may undergo a transition to hexagonal ice at 80 C, but also
that such devitriﬁcation events are unlikely to have signiﬁcant ef-
fects on preservation, because molecules in the sample are almost
immobile. Therefore ice damage to the sample is much more likely
to occur during the freezing event (Dubochet, 2007). Water present
in the sample during warming could also account for the damage,
but the lengthy substitution times used in the experiments make
this unlikely. It has recently been shown that in many tissues,
including actin bundles of microvilli in C. elegans FS can be carried
out in ninety minutes (McDonald and Webb, 2011).
The damage to the stereocilia actin is most likely an indication of
failure to fully vitrify the tissue during HPF, but may be affected by
other factors in the freezing and substitution processes. To separate
these factors samples would have to be examined in frozen-
hydrated sections, by a technique such as cryo-electron micro-
scopy of vitreous sections (CEMOVIS) (Al-Amoudi et al., 2004) or
cryo focused ion beam milling (cryo-FIB) (Lucic et al., 2013) both of
which allow the thinning of frozen hydrated tissues so they may be
directly examined in a transmission electron microscope. This
would allow examination of the type of ice within distorted ster-
eocilia, which would show if the ice had crystalline structure,
indicating a freezing defect, or was vitreous, showing the effect was
due to pressure or another factor. If the stereocilia were not dis-
torted, this would indicate the post freezing handling of the
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demanding, and it was not possible to carry out these experiments
as part of this study.
Pre-ﬁxation before HPF has been described several times as a
technique for the handling of delicate or highly labile tissues, such
as retina, nerves and virus infected DL1 insect cells. It was
demonstrated that the hybrid technique, combined with the cor-
rect choice of cryo-protectant, could produce structural preserva-
tion superior to conventional ﬁxation and close to that produced by
HPF alone (Meissner and Schwarz, 1990; Sosinsky et al., 2005,
2008). The work presented here shows that pre-ﬁxation HPF
applied to inner ear tissues also produces results superior to those
often achieved by conventional ﬁxation in both the preservation of
the actin bundle and the smoothness of the stereociliary mem-
branes. The preservation of cellular structure is close to that ach-
ieved with HPF alone. Most importantly, pre-ﬁxation before HPF
resulted in consistent preservation of the stereocilia actin bundle
across the tissue sample. It may be pertinent to note in this context
the work of Hirokawa and Tilney (1982) who examined actin in
stereocilia of the chick basilar papillae by deep etching after freeze-
fracture in samples that had been slam frozen either directly after
isolation from cochlea (fresh frozen) or after glutaraldehyde ﬁxa-
tion. The authors observed a difference between ﬁxed and unﬁxed
sample in the distance between the actin bundle and stereociliary
membrane. They attributed this difference to the exposure of
unﬁxed stereocilia to a potassium rich ﬂuid (Hirokawa and Tilney,
1982). However, there do appear to be differences between the
actin bundles in the two images, and a possible alternative expla-
nationwould be freezing induced changes to the actin bundle in the
unﬁxed sample similar to that observed here.
The difference between cryo-protectants between pre-ﬁxed HPF
samples is puzzling. Pre-ﬁxed tissue samples frozen with glycerol
and 1-hexadecene both contained artefacts often associated with
chemical ﬁxation, including granularity of the cytoplasm and nuclei
and shrinkage of the tissue but artefacts did not occur in samples
frozen with yeast paste. In the case of glycerol deleterious effects
may occur due to penetration of the cryoprotectant into the tissue,
and as unﬁxed samples were not frozen with glycerol it is difﬁcult
to say where in the process problems may be occurring. However,
no obvious differences were noticed between yeast paste and 1-
hexadecene frozen samples in rapidly frozen samples without
pre-ﬁxation, making it likely that that the problem with this cry-
oprotecant is not occurring during HPF.
One possible explanation for this phenomenon would be a dif-
ference in the behaviour of the samples during the FS process. It is
known that at low temperatures acetone does not dissolve 1-
hexadecene and although efforts were made to remove any res-
idue from around the samples, remaining 1-hexadecene may have
impeded substitution. Glutaraldehyde improperly washed out of
the tissue may have caused post-ﬁxation artefacts and reacted with
any unreacted osmium tetroxide in the warming tissue. In-
teractions like this illustrate the importance of the post-freezing
processing of the tissue in structural preservation.
Work by Small (1981) has shown that the ordered structure of
actin in lamellopodia can be well preserved by glutaraldehyde
ﬁxation, but was destroyed by the subsequent steps in conventional
transmission electron microscopy processing, speciﬁcally post-
ﬁxation osmication of the sample and dehydration. It was also
shown that the damage caused by osmication could be prevented
by exposing the samples to smaller concentrations (0.2%) at a lower
temperature (0 C instead of room temperature) (Small, 1981).
Cross-linked actin bundles appear to be somewhat more resistant
to these procedures than individual ﬁlaments (Tilney et al., 1998;
Small et al., 1999). However, the improvement of preservation of
stereocilia in the pre-ﬁxed HPF samples compared to conventionalpreparations is most likely the result of performing osmication and
dehydration procedures at very low temperatures, as part of the FS
process. The effects of room temperature dehydration in terms of
water extraction and tissue shrinkage in animal and plant tissues
have been well described (Boyde and Boyde, 1980). In FS, because
substitution occurs below the temperature at which most water
would be extracted from the sample, the artefacts caused by
dehydration are minimal (Muller, 1988; Meissner and Schwarz,
1990).
Pre-ﬁxation has the additional advantage of decreasing the time
between the removal of inner ear tissue and the beginning of ﬁx-
ation. Although HPF will ﬁx tissue within milliseconds, delicate
dissection is required to produce tissue samples suitable for HPF
ﬁxation. These samples must be both small enough to freeze
effectively, and free of any bone or calciﬁed material that may
impair later processing. Therefore, the time between sacriﬁce and
freezing of inner ear tissues can be twenty minutes or longer. With
the pre-ﬁxation protocol, ﬁne dissection can be carried out in the
ﬁxed tissue, reducing the potential for artefacts from dissection and
deterioration of the tissue.
4.1. Conclusions
HPF of inner ear tissue using routine protocols will produce
good preservation of tissue, and allows ﬁxation of large depths of
tissue by rapid freezing. However, the preservation of stereocilia by
rapid-freezing processes is inconsistent, and therefore HPF alone is
not suitable where large tissue depths are required, but preserva-
tion of stereocilia structure is also important. With careful selection
of cryoprotectant, freezing and substituting procedure, pre-ﬁxation
HPF can give cellular preservation close to that of HPF alone and
consistently preserve stereociliary actin, without the potential
changes to actin bundle and dimensional changes to the stereocilia
caused by room temperature dehydration in conventional ﬁxation.
Author contributions
Experimental work: AB, RT, BK, AF.
Article Preparation: AB, BK, CM, RF, AF.
All Authors have approved submission of this article.
Acknowledgements
Dr Dan Clare (Birkbeck College) for assistance with HPF. This
work is funded by a project grant from the Biotechnology and
Biological Sciences Research Council (BBSRC) (BB/I02123X/1).
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.heares.2014.06.006.
References
Al-Amoudi, A., Chang, J.J., Leforestier, A., McDowall, A., Salamin, L.M., Norlen, L.P.,
Richter, K., Blanc, N.S., Studer, D., Dubochet, J., 2004. Cryo-electron microscopy
of vitreous sections. EMBO J. 23, 3583e3588.
Boyde, A., Boyde, S., 1980. Further studies of specimen volume changes during
processing for SEM: including some plant tissue. Scanning Electron Microsc.,
117e124, 132.
Caulﬁeld, J.B., 1957. Effects of varying the vehicle for OsO4 in tissue ﬁxation.
J. Biophys. Biochem. Cytol. 3, 827e830.
Claeys, M., Vanhecke, D., Couvreur, M., Tytgat, T., Coomans, A., Borgonie, G., 2004.
High-pressure freezing and freeze substitution of gravid Caenorhabditis elegans
(Nematoda : Rhabditida) for transmission electron microscopy. Nematology 6,
319e327.
Dahl, R., Staehelin, L.A., 1989. High-pressure freezing for the preservation of bio-
logical structure: theory and practice. J. Electron Microsc. Tech. 13, 165e174.
A. Bullen et al. / Hearing Research 315 (2014) 49e6060Derosier, D.J., Tilney, L.G., Egelman, E., 1980. Actin in the inner-ear e the remarkable
structure of the stereocilium. Nature 287, 291e296.
Dubochet, J., 2007. The Physics of Rapid Cooling and Its Implications for Cry-
oimmobilization of Cells, vol. 79, pp. 7e21.
Dumont, R.A., Lins, U., Filoteo, A.G., Penniston, J.T., Kachar, B., Gillespie, P.G., 2001.
Plasma membrane Ca2þ-ATPase isoform 2a is the PMCA of hair bundles.
J. Neurosci. : Off. J. Soc. Neurosci. 21, 5066e5078.
Flock, A., Cheung, H.C., 1977. Actin-ﬁlaments in sensory hairs of inner-ear receptor
cells. J. Cell. Biol. 75, 339e343.
Forge, A., Davies, S., Zajic, G., 1991. Assessment of ultrastructure in isolated cochlear
hair-cells using a procedure for rapid freezing before freeze-fracture and deep-
etching. J. Neurocytol. 20, 471e484.
Galway, M.E., Heckman, J.W., Hyde, G.J., Fowke, L.C., 1995. Chapter 1 Advances in
High-pressure And Plunge-freeze Fixation, vol. 49, pp. 3e19.
Gilkey, J.C., Staehelin, L.A., 1986. Advances in ultra-rapid freezing for the preser-
vation of cellular ultrastructure. J. Electron Microsc. Tech. 3, 177e210.
Hayat, M.A., 2000. Chemical ﬁxation. In: Principles and Techniques of Electron
Microscopy: Biological Applications, fourth ed. Cambridge University Press,
pp. 4e80.
Hirokawa, N., Tilney, L.G., 1982. Interactions between actin-ﬁlaments and between
actin-ﬁlaments and membranes in quick-frozen and deeply etched hair-cells of
the chick ear. J. Cell. Biol. 95, 249e261.
Kachar, B., Parakkal, M., Fex, J., 1990. Structural basis for mechanical transduction in
the frog vestibular sensory apparatus .1. The otolithic membrane. Hear. Res. 45,
179e190.
Kachar, B., Parakkal, M., Kurc, M., Zhao, Y., Gillespie, P.G., 2000. High-resolution
structure of hair-cell tip links. Proc. Natl. Acad. Sci. U. S. A. 97, 13336e13341.
Kellenberger, E., 1991. The potential of cryoﬁxation and freeze substitution: ob-
servations and theoretical considerations. J. Microsc. 161, 183e203.
Koster, A.J., Klumperman, J., 2003. Electron microscopy in cell biology: integrating
structure and function. Nat. Cell. Biol., Ss6eSs10.
Leforestier, A., Richter, K., Livolant, F., Dubochet, J., 1996. Comparison of slam-
freezing and high-pressure freezing effects on the DNA cholesteric liquid
crystalline structure. J. Microsc. 184, 4e13.
Lucic, V., Rigort, A., Baumeister, W., 2013. Cryo-electron tomography: the challenge
of doing structural biology in situ. J. Cell. Biol. 202, 407e419.
McDonald, K.L., Webb, R.I., 2011. Freeze substitution in 3 hours or less. J. Microsc.
243, 227e233.
McDonald, K.L.M.,M., Verkade, P., Muller-Reichert, T., 2007. Recent advances in
high-pressure freezing: equipment and specimen-loading methods. In: Kuo, J.
(Ed.), Electron Microscopy: Methods and Protocols, second ed. Humana Press,
pp. 143e173.
Meissner, D.H., Schwarz, H., 1990. Improved cryoprotection and freeze-substitution
of embryonic quail retina e a Tem study on ultrastructural preservation.
J. Electron Microsc. Tech. 14, 348e356.
Meyer, A.C., Frank, T., Khimich, D., Hoch, G., Riedel, D., Chapochnikov, N.M.,
Yarin, Y.M., Harke, B., Hell, S.W., Egner, A., Moser, T., 2009. Tuning of synapse
number, structure and function in the cochlea. Nat. Neurosci. 12, 444e453.Muller, M., 1988. Cryopreparation of microorganisms for electron microscopy. In:
Mayer, F. (Ed.), Electron Microscopy in Microbiology. Academic Press Limited,
pp. 1e28.
Ohta, K., Higashi, R., Sawaguchi, A., Nakamura, K., 2012. Helical arrangement of
ﬁlaments in microvillar actin bundles. J. Struct. Biol. 177, 513e519.
Resch, G.P., Goldie, K.N., Krebs, A., Hoenger, A., Small, J.V., 2002. Visualisation of the
actin cytoskelton by cryo-electron microscopy. J. Cell. Sci. 115, 1877e1882.
Rzadzinska, A.K., Schneider, M.E., Davies, C., Riordan, G.P., Kachar, B., 2004. An actin
molecular treadmill and myosins maintain stereocilia functional architecture
and self-renewal. J. Cell. Biol. 164, 887e897.
Schneider, C.A., Rasband, W.S., Eliceiri, K.W., 2012. NIH image to IMAGEJ: 25 years of
image analysis. Nat. Methods 9, 671e675.
Semmler, K., Wunderlich, J., Richter, W., Meyer, H.W., 1998. High-pressure freezing
causes structural alterations in phospholipid model membranes. J. Microsc-
Oxford 190, 317e327.
Small, J.V., 1981. Organization of actin in the leading edge of cultured cells: inﬂu-
ence of osmium tetroxide and dehydration on the ultrastructure of actin
meshworks. J. Cell. Biol. 91, 695e705.
Small, J.V., Rottner, K., Hahne, P., Anderson, K.I., 1999. Visualising the actin cyto-
skeleton. Microsc. Res. Tech. 47, 3e17.
Sosinsky, G.E., Deerinck, T.J., Greco, R., Buitenhuys, C.H., Bartol, T.M., Ellisman, M.H.,
2005. Development of a model for microphysiological simulations: small nodes
of ranvier from peripheral nerves of mice reconstructed by electron tomogra-
phy. Neuroinformatics 3, 133e162.
Sosinsky, G.E., Crum, J., Jones, Y.Z., Lanman, J., Smarr, B., Terada, M., Martone, M.E.,
Deerinck, T.J., Johnson, J.E., Ellisman, M.H., 2008. The combination of chemical
ﬁxation procedures with high pressure freezing and freeze substitution pre-
serves highly labile tissue ultrastructure for electron tomography applications.
J. Struct. Biol. 161, 359e371.
Steinbrecht, R.A.,1985.Recrystallizationand ice-crystal growth inabiological specimen,
as shown by a simple freeze substitution method. J. Microsc-Oxford 140, 41e46.
Studer, D., Hennecke, H., Muller, M., 1992. High-pressure freezing of soybean nod-
ules leads to an improved preservation of ultrastructure. Planta 188, 155e163.
Studer, D., Humbel, B.M., Chiquet, M., 2008. Electron microscopy of high pressure
frozen samples: bridging the gap between cellular ultrastructure and atomic
resolution. Histochem. Cell. Biol. 130, 877e889.
Studer, D., Graber, W., Al-Amoudi, A., Eggli, P., 2001. A new approach for cryoﬁxation
by high-pressure freezing. J. Microsc. 203, 285e294.
Studer, D., Michel, M., Wohlwend, M., Hunziker, E.B., Buschmann, M.D., 1995. Vitri-
ﬁcation of articular-cartilage by high-pressure freezing. J. Microsc.179, 321e332.
Taylor, R.R., Forge, A., 2005. Hair cell regeneration in sensory epithelia from the
inner ear of a urodele amphibian. J. Comp. Neurol. 484, 105e120.
Tilney, L.G., Connelly, P.S., Vranich, K.A., Shaw, M.K., Guild, G.M., 1998. Why are two
different cross-linkers necessary for actin bundle formation in vivo and what
does each cross-link contribute? J. Cell. Biol. 143, 121e133.
White, D.L., Andrews, S.B., Faller, J.W., Barrnett, R.J., 1976. Chemical nature of
osmium tetroxide ﬁxation and staining of membranes by X-Ray photoelectron-
spectroscopy. Biochim. Biophys. Acta 436, 577e592.
